The three-dimensional, Reynold_averaged, Navier-Stokes (RANS) equations are used to numerically simulate nonsteady vortical flow about a 65-cleg sweep delta wing at 30-deg angle of attack. Two large-amplitude, highrate, forced-roll motions, and a damped free-to-roll motion are pre,Lented. The free-to-roU motion is computed by coupling the time-dependent RANS equations to the flight dynamic equation of motion. The computed results are in good agreement with the forces, moments, and roll-angle time histories. Vortex breakdown is present in each case. Significant time lags in the vortex breakdown motions relative to the body motions strongly influence the dynamic forces and moments.
Introduction
HE high angle-of-attack flight regime often includes complex phenomena such as nonsteady flow, crossflow separation, and vortex breakdown. Modern tactical fighters fly at high angles of attack in order to take advantage of the nonlinear lift generated from vortices that form on their leeward sides. This results in a substantial improvement of an aircraft's maneuver and agility performance.
However, at sufficiently high angles of attack, vortex asymmetries can form and induce dynamic motions such as wing rock, a sustained limit-cycle roll and yaw oscillation. 
where @,, is the mean or offset roll angle, _,,,_ is the amplitude of motion, w is the circular frequency (oJ = 2_rf). and t is the time variable.
The reduced frequency is defined by
where b is the span of the delta wing and V_ is the freestream speed. The roll angle for a free-to-roll motion, where the aerodynamics and body motion are coupled, is given by
where I is the roiling moment of inertia, d = dc_/dt and = d-'d_/dt: are the angular velocity and acceleration, respectively, and l(t) is the instantaneous rolling moment obtained from the coupled time-dependent RANS equations.
The second term on the left-band side is a model for the mechanical bearing friction, where
Hanff"' reported that 1 = 0.27 lb-in.-s z and C_ = 4.0 Ib-in. So the bearing friction of the experimental roll mechanism can be modeled as a small constant. Equations (2) and (4) define the roll angle for rigid body and grid motions.
Turbulence Model
The 
where
Equation (5b) 
Computational Grids
A three-dimensional hyperbolic grid generator -'_ was used to generate a spherical-type grid for the 65-deg sweep delta wing in Fig. 3 . All of the geometric features of the delta wing surface were modeled in the computational grid. However, the computational sting diameter was kept constant downwind of the wing trailing edge, whereas the experimental model had a reduced diameter. A perspective view of the wing surface grid and a portion of the sting are shown in Fig. 4 . A portion of the viscous grid clustering normal to the wing at the trailing edge is also shown in this figure. The spherical axis extends upwind from the wing apex. The far-field boundaries are not shown in the figure, but extend two root-chord lengths upwind and downwind of the wing body, and five root-chord lengths in the body-normal direction.
The grid consists of 67 points in the streamwise (longitudinal) direction, Fig. 4 Perspective view of the computational grid.
208 points in the circumferential direction, and 49 points in the body-normal direction, totaling about 700,000 grid points. There are more grid points on the leeward side of the wing (in the circumferential direction) than on the windward side to resolve the leeward side vortices. This grid is identical to the one used with the NSS code in Refs. 17 and 18 (see also Figs. 1 and 2) .
The delta-wing grid was split into four zones in the streamwise direction.
This was done in order to take full advantage of two available Cray C-90 supercomputers that had different amounts of main and secondary memories.
Numerical Boundary Conditions
The no-slip condition (zero velocity relative to a moving solid surface) is imposed on the wing and fuselage/sting surfaces, whereas density and pressure are found by extrapolation. The total energy per unit volume is then computed from the perfect gas law. 
Forced-Roll Oscillations

_,_ = 0 Deg
The aerodynamic response for a 65-deg sweep delta wing undergoing a large-amplitude, high-rate roll motion about its longitudinal axis is obtained by numerically integrating the RANS equations with the NSS code subject to a forced rigidbody grid motion defined by Eq. was carried out in a postprocessing manner by releasing particles in the vortex core, near the delta-wing apex, and tracking their motion in time by integrating the nonsteady Navier-Stokes velocity field. Figure 6 shows the instantaneous structure of the vortices in crossflow planes located just upwind and downwind of the right wing vortex breakdown, when the instantaneous roll angle is 16.9 deg and the wing is rotating clockwise. The streamwise location is approximately at 50% of the root chord. Helicity density '" is used to visualize the vortices and is defined by
where V is the fluid velocity and _ is the fluid vorticity. A strong vortex will tend to have high-valued contours clustered about the vortex core, whereas a weaker vortex will tend to have low-valued contours sparsely spaced about the vortex core. The sign of helicity density indicates the direction of vortex rotation, when there is no vortex breakdown.
-'v This allows the easy identification of primary, secondary, and tertiary structures.
However, the helicity density of a vortex core can change sign when vortex breakdown occurs. This is due to the presence of local reversed flow. In Fig. 6 , solid lines indicate positive helicity density, while dashed lines indicate negative helicity density, Primary, secondary, and tertiary vortices are present in the flow. In Fig. 6a there is vortex breakdown above the left wing while the right-wing vortex is still intact. In Fig. 6b , which is located slightly downwind of Fig. 6a, vortex breakdown occurs on both sides of the wing. Fig. 7 , with additional static cases at _b = ± 65.6 deg. Both the computed and experimental dynamic C_ are in good agreement with each other. Reducing the time step by a factor of 2 had no significant effect on the dynamic rolling-moment time history. Notice that the dynamic C_ is not simply a perturbation superimposed on the static C_ curve, as was the case in Fig. 1 where the flow had no vortex breakdown.
The nonlinear time lags of the vortex breakdown position with respect to the delta-wing motion (see Fig. 5 • ,, = 28 Deg A second forced dynamic-roll motion was computed with an offset angle _o = 28.0 deg, a roll amplitude _=a_ = 31.9 deg, and f = 10 Hz (k --0.20) . This corresponds to a rollangle range of -3.9 -< d_ -< 59.9 deg. The nondimensional time step (Az = 0.00362) was identical to the previous case. The computed and experimentaP°dynamic Ct are shown in Fig. 10 
Damped Free-to-Roll Motions
A final dynamic case is presented in which the delta wing is initially fixed at 4' = 40.5 deg and then released.
The wing is allowed to roll freely under the influence of the instantaneous aerodynamic rolling moment. The time-dependent RANS equations are therefore coupled with the flight dynamic equation of motion that has a single degree of freedom in roll, [see Eqs. (1) and (4)]. The details of this coupling were previously described in the Numerical Approach section. The nondimensional time step was A_" = 0.005. Figure  13 shows the time-history of the computed and experimental 6 roll angles. Also shown in the figure is a roll simulation using a linearized model that was reported by Hanff. 6 The computed and experimental roll angles are in close agreement with each other for the first half-cycle of roll motion. Thereafter, the computed roll motion damps out more rapidly than the experiment.
This result was anticipated, since both of the computational forced-roll motions described earlier exhibited greater damping than the experimental motions. The locations of the minimum and maximum peaks in the computed roll-angle oscillations are nearly identical to those found in the experiment.
This indicates the computed frequency of motion is close to the experimental frequency. On the other hand, the linearized simulation of Hanff 6has a lower frequency and takes much longer to damp out. The final computed and experimental roll angles, where the delta wing comes to rest, were 17.5 and 20.3 deg, respectively.
The computational static (71 curve in Fig. 2 has a zero rolling moment at $ _ 16 deg. The difference between this static roll angle trim point and the final static roll angle in the damped freeto-roll computation is due to the friction term in Eq. (4). The phase-plane curve _(t) vs 4', is shown in Fig. 14. This trajectory begins at $ = 40.5 deg and q_ = 0. The curve follows a clockwise path until it reaches the final static condition at 4' = 17.5 deg. The final roll angle for the free-toroll experiment is also shown in the figure. 
Conclusions
